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Introduction
The polarization of light is a fundamental attribute of electromagnetic waves, providing information about its spacial travel direction and clues to its past. Polarization properties have interesting applications within display technologies, high-density optical storage, anti-counterfeiting and bio-sensing [1, 2] . Here we present a polarization dependent plasmonic aluminum-based high-density metasurface operating at blue wavelengths. The sensory element performs in reflection mode and provides the possibility to detect polarization information by visual means.
The polarization dependent metasurface described here is based on sub-wavelength plasmonic rectangular structures. Similar freely suspended elongated ellipsoidal nanoparticles were first described as polarization dependent in 1912 by Gans [3] , that predicted the splitting of surface plasmons into two distinct oscillation modes, namely the high-energy tranverse and the low-energy longitudinal oscillation of conduction band electrons [4, 5] . Unfortunately, freely suspended particles lack precise orientation control, which limits filter resolution.
In contrast, microfabricated plasmonic metasurfaces allow individual control of the shape, ig. 1. Hybrid transverse mode concept by elongation of base plasmonic structure. a) Energy hybridization diagrams of circular and elongated structures at transverse polarization. b-e Representative reflectance spectra for different polarizations of various structures with CIE/sRGB calculated color coding. Top dashed lines show spectrum for non-structured surface.
position and orientation of the active entities. In particular, two-dimensional metasurfaces of well-controlled spatial arrangements have attracted considerable attention over the last two decades for their simple design and fabrication, and for their ability to enhance electromagnetic fields. Metasurfaces have been demonstrated to manipulate visible and infrared absorption [6] [7] [8] at high polarization conversion efficiencies for sensor applications [9] [10] [11] [12] .
Aluminum has attractive properties compared to typical plasmonic materials [13] , such as silver and gold, due to its natural abundance, low cost, protective oxide layer for high durability [14] [15] [16] and plasmonic properties in the visible range [17] [18] [19] [20] [21] . Based on aluminum, reflective plasmonic colors utilizing the concept of localized surface plasmon resonances (LSPR) have been presented [22] [23] [24] and the hybridization between LSPR modes [25] has been used to design and fabricate polarization independent colors [26] . Polarization dependent aluminum metasurfaces have also been demonstrated for full-color stereoscopic printing by Goh et al. [1] . However the metasurface was based on electron beam lithography in HSQ directly on a silicon substrate, impeding fabrication scalability. Furthermore, the ellipse dimensions were varied from 100 nm to 190 nm within a lattice of period 400-500 nm, which indicates poor color contrast and angular dependence.
We present a similar ultra-thin high-density platform, however with a sub-wavelength period of 250 nm for better angular insensitivity and fabricated by a scalable nanoreplication process in hybrid polymer. Compared to Goh et al. [1] , the presented platform is about four times smaller per unit-cell, mass-producible, and constitutes an important step towards application of polarization-dependent metasurfaces.
To enhance the performance of the metasurface, we rotate the structure with respect to the square lattice in order to elongate the plasmonic structure and increase the resonance strength. The concept of elongation and rotation of the base structure to utilize the hybrid transverse mode is illustrated in Fig. 1 . In Fig. 1(a) , energy hybridization diagrams for the transverse mode and the structure itself are sketched. In Figs. 1(b)-(e), typical reflectance spectra for different polarizations of various structures (insets) are plotted using CIE/sRGB calculated color coding (see Section 3 for experimental details). The resonance enhancement by rotation of the polarization-dependent resonance behavior around 450 nm is clearly seen. 
Fabrication
The plasmonic color filter was fabricated by UV nanoreplication, as sketched in Figs. 
2(a)-(e).
A silicon master containing areas with two-dimensional periodic structures was fabricated by electron beam lithography and dry etching, see Fig. 2 (a). The master was anti-stiction coated with a few monolayers of perfluorodecyltrichlorosilane (FDTS) using molecular vapor deposition.
The sample replica was prepared by dispensing an UV curable hybrid polymer (OrmoComp, Micro Resist Technology GmbH, Germany) onto a borosilicate glass wafer acting as carrier substrate, see Fig. 2 (b). The master was brought into contact with the soft hybrid polymer between the opaque silicon master and the transparent glass substrate. The polymer was cured by ultra-violet (UV) light through the glass substrate for 18 min, as shown in Fig. 2(c) . After curing, the master and the hybrid polymer were manually separated, leaving the solidified hybrid material on the glass substrate with a nano-structured surface created as a negative of the master pattern, see Fig. 2(d) . Finally, a 18 nm thin film of aluminum was deposited on top of the structure by electron beam evaporation in vacuum at a rate of about 1.0 nm/s. The vertical side walls and the height differences of about 50 nm of the polymer topography lead to the formation of isolated metal islands on top of the polymer pillars, as seen in Fig. 2(d) .
Representative SEM images of patterns on the polymer replica and the corresponding master area can be seen in Fig. 2(f) . The mirror symmetry between master and replica due to the replication process can be seen. The rectangular structures are rounded at the corners. In general, the fabrication process was optimized for a high yield and SEM inspections of the master and final samples did not reveal defects or pattern deviations. Figure 3 presents the experimental results. In Fig. 3(a) , the polarization angle and the rotation angle of the structure are defined with respect to the basis lattice vector of the square lattice (xaxis). Normal incidence reflectance spectra were obtained for the metalized polymer samples using a modification of an experimental setup previously used for photonic crystal characterization [27, 28] .
Experiments
The setup is schematically illustrated in Fig. 3(b) . Light from a broadband laser-driven light source (Energetiq EQ-99XFC) was fed to the setup via an optical fiber and collimated with a fiber collimator. A linear polarizer on a rotational stage was used to control the polarization of the light. The light was then focused with a lens and reflected into a 10x microscope objective by a beam splitter. The light then emerged collimated from the other side of the ob- jective and illuminated the device at normal incidence. The reflected light traveled backwards through the objective and beam splitter and was then simultaneously focused by a microscope tube lens onto the slit of an imaging spectrometer (Acton SP-2756 Imaging Spectrograph with PIXIS100B Digital built-in camera and grating 150 g/mm) and a CCD camera via another beam splitter. Thus, positioning was controlled and recorded with the CCD camera while the reflected spectrum was analyzed with the spectrometer. Intensity counts were acquired from the spectrometer and signal counts were calculated by subtracting corresponding dark background spectra. In order to calculate the absolute reflectance, polished silicon was used as reference using well-established tabulated optical properties of silicon [29] . The reflectance was calculated as function of wavelength depending on polarization angle for a given sample area. In Fig. 3(c) , reflectance spectra for different polarization angles are shown for the structures seen in Fig. 2(f) , respectively. The spectra are represented by calculated colors using a previously described methodology [30] , where the reflectance is converted to a CIE XYZ color using a standard D65 light source and 2 • CIE observer, and finally converted to sRGB color space for screen viewing. The resulting reflectance depends strongly on polarization. In Fig. 3(d) , the reflectance is plotted as function of polarization angle at resonance wavelength for the series of elongated structures seen as insets in Figs. 3(l)-(n) . In Fig. 3 (e) the corresponding resonance wavelengths are plotted. Finally, in order to provide an overview, Figs. 3(f)-(n) visualize the reflectance spectra using contour-plots for different polarization angles for all nine investigated topographies with corresponding SEM images as insets.
Numerical simulations
In order to support the experimental findings, simulations were conducted using a frequencydomain solver with periodic boundary conditions in the surface plane (CST Microwave Studio). Despite the nanometric dimensions, the smallest characteristic features are still sufficiently large to allow classical electrodynamics considerations [31] . Normal to the structures, the simulation domain was extending 300 nm away from the metal and at the boundaries Floquet ports were used. The frequency-dependent permittivity used for aluminum were from the handbook of Palik [32] . Substrate and coating were assumed to have a refractive index of 1.5. Figure 4 presents the simulation results. In Fig. 4(a) the corresponding reflectance spectra of the structures in Fig. 2(n) at 40 • and 130 • polarization angle are seen, showing good agreement with the experimental results. In Fig. 4(b) the detailed 2D simulated reflectance spectra of the structures in Fig. 2(f) are seen, showing the resonance evolution with similar trends as seen in Fig. 3(n) . In order to further illustrate this, an absolute field profile is presented in Fig. 4(c) based on the scaling seen in Fig. 4(d) .
Based on the scaling seen in Fig. 4(e) , the z-component of the electric field cross-section profiles in the center of the patches can be seen in Figs. 4(f)-4(n). The unit cell supports complex field distributions extending both into the metalair interface and the surroundings. This mode corresponds to a hybrid transverse mode resonating along the short axis of the plasmonic structure with a strong coupling at its resonant frequency. Eventually these plasmonic resonances presented here lead to the enhanced absorption and thereby reduced reflection. As a result, at the frequencies of these modes, the electric field concentrates at the sharp corners (as shown in the corresponding insets in Figs. 4(f)-4(n) and in Fig. 4(c) ), which support a strong enhancement of the localized fields.
Discussion
From the experimental and numerical simulation results, a number of trends can be observed. First, two resonances can be observed for rounded-square structures, see Fig. 3(f) . These resonances correspond to the well-known hybridization between LSPR modes [25] in aluminum nanodisks and nanoholes. The high energy resonance in the blue part of the spectra is seen to be more spectrally narrow than the low energy resonance in the red part of the visual spectrum. It is also clear that rotating the 100 nm rounded-square structure does not disturb the hybridization between the polarization-independent LSPR modes and hence no significant dependence of the reflectance on polarization angle can be observed, see Figs. 3(g)-3(h) .
Secondly, elongating the base structures about 25 nm in one direction causes the reflectance to become somewhat polarization dependent, see Fig. 3(b) . The high energy resonance is present when the polarized light is perpendicular to the base structure, e.g. at 90 • for structure "i", see Fig. 3(i) . The reflectance minimum follows accordingly for rotation of the rectangular structure with respect to the lattice, such that the minimum reflectance around a wavelength of 450 nm shifts to 135 • for structure "k" with rotation 45 • , see. Fig. 3(k) . This clearly indicates that the polarization dependence is connected to a transverse plasmonic mode of the metal disks.
Finally, elongating the length to about 190 nm (width ca. 110 nm) causes the reflectance at blue wavelengths to become strongly polarization dependent, see Fig. 3(l) . It is also clear that the resonance strength is clearly enhanced, while the reflectance off-resonance is also higher. By elongating the plasmonic base structure, the hybridization modes become polarization dependent, such that the high energy mode has the character of a hybrid transverse mode. This is also seen in the simulations, see Fig 4(l) . By rotation of the base structure, the resonance strength is further improved and the resonance wavelength increases slightly. In the case of 45 • rotation angle for structure "n", the normal-incidence reflectance drops around the blue reso- Reflectance contour-plot for structure "n". c) Absolute electric field intensity for structure "n". d) Scale for absolute field intensity with maximum of 800 mV/nm. e) Scale for z-component of electric field for input field of 76.6 mV/nm. f-n) Plots of the electric field z-component inside the unit-cell, with inserts of the corresponding absolute field intensity for structures "f"-"n" at the high-energy resonance for optimal polarization angle (90 • , 113 • , 135 • ) and phase. The hybrid transverse mode can be seen.
nance wavelength (457 nm) from about 60% to below 1.6%. This "on/off" ratio of 33.4 creates a visible color discrepancy, see Fig 3(b) . This agrees well with the simulations, see Fig 4(n) .
Conclusion
In conclusion, we reported on a polarization dependent plasmonic aluminum-based metasurface operating at blue wavelengths. The fabricated subwavelength structures, displayed strong, localized, plasmonic resonances able to control linear polarization. Best performance was acheived by rotating an elongated rectangular structure of length 180 nm and width 110 nm inside a square lattice of period 250 nm. In the case of 45 • rotation of the structure with respect to the lattice, the normal-incidence reflectance decreased around the resonance wavelength of 457 nm from about 60 percent to below 2 percent with a ratio of 33, thereby providing on/off controllability of reflectance for detection of polarized UV-visual light.
